Analytical solutions for the fully developed MHD free convection flow in open-ended vertical wavy channel in the presence of applied electric filed is presented. The channel is divided into two passages by means of a thin, perfectively plane baffle and hence the velocity will be individual in each stream. The coupled, nonlinear partial differential equations are solved analytically valid for small values of amplitude and frequency parameter. The effects of Grashof number, wall temperature ratio, Hartman number, electric field load parameter and product of wave number and space co-ordinate at different positions of the baffle are presented and discussed in detail. The skin friction and the heat transfer rate for the system is also explored. The increase in Grashof number and wall temperature ratio enhances the flow whereas the Hartman number and electric filed load parameter suppress the flow at all the baffle positions. 0 00 E E uB  is the electric field loading parameter, 0 M B d    is the Hartmann number, and   32 x w s G d g T T   is the Grashof number.
Introduction
Magneto hydrodynamic free convection flow of an electrically conducting fluid in different geometries is of considerable interest to the technical field due to its frequent occurrence in the industrial, technological and geothermal applications. As an example, in the geothermal region, the gasses are electrically conducting and undergo the influence of magnetic field. Also, it has applications in nuclear engineering in connection with reactors cooling. Many peoples concerned with the problem of MHD free convection flow in non-porous and porous media have been published in the literature. As an example, MHD free convection flow of an electrically conducting fluid past in non-porous medium bounded by an infinite vertical plate and other geometries is considered in different works. The problem of free convection flow of non-conducting fluids in open-ended vertical porous channels is considered in the literature. Many engineering applications, such as cooling of nuclear reactors, the design of MHD generators, shock tubes and pumps, require natural convection with applied electric field. Umavathi [1] studied the combined effect of viscous and Ohmic dissipations on magneto convection in a vertical enclosure in the presence of applied electric field. Later on Umavathi and her group analyzed magneto hydrodynamic flow and heat transfer for various geometries [2] [3] [4] [5] [6] [7] [8] [9] .
The Study of heat and mass transfer near irregular surfaces is of fundamental importance because it is often found in many engineering applications. The presence of irregular surface not only alerts the flow field but also alerts the heat and mass transfer characteristics. Yao [10] studied the natural convection heat transfer from isothermal vertical wave surfaces, such as sinusoidal surfaces, in Newtonian fluids. Nakayama and Koyama [11] studied the free convection heat transfer over a non-isothermal body of arbitrary shape embedded in a fluid-saturated porous medium. Rees and Pop [12] examined the natural convection flow over a vertical wavy surface with constant wall temperature in porous media saturated with Newtonian fluids. Hossain and Rees [13] studied the heat and mass transfer in natural convection flow along a vertical wavy surface with constant wall temperature and concentration in Newtonian fluids. Cheng [14] studied the coupled heat and mass transfer by natural convection near a vertical wavy surface in a non-Newtonian fluid saturated porous medium. Rathish Kumar and Shalini [15] studied the natural convection in a thermally stratified wavy vertical porous enclosure. Rathish Kumar and Shalini [16] studied the natural convection in a non-Darcian vertical porous enclosure. Das and Mahmud [17] performed a numerical investigation on natural convection inside a wavy enclosure. Molla et al. [18] examined the natural convection flow along a vertical wavy surface with uniform surface temperature in the presence of heat generation or absorption. Rathish Kumar and Shalini [19] studied the non-Darcy free convection induced by a vertical wavy surface in a thermally stratified porous medium.
Recently Umavathi et al. [20] [21] [22] analyzed mixed convective flow and heat transfer for immiscible fluids in a vertical channel. Kandaswamy et al. [23] investigated a natural convection inside a square cavity in the presence of heated plate. Their study showed that the heat transfer rate was increased with the increase of Grashof number in the both horizontal and vertical position of the plate. Kangini et al. [24] performed a theoretical study on laminar natural convection and conduction with multiple vertical partition. They demonstrated that the heat transfer was decreased with increasing of thickness and number of partitions. Khalil et al. [25] analyzed the natural convection heat transfer in a wavy porous enclosure using the non-Darcian model. They found that the amplitude of wavy surface and the number of undulation affected the heat transfer characteristics. Hasanaoui et al. [26] , Ben-Nakhi and Chamkha [27] , Dagtekin and Oztop [28] also investigated the natural convection in enclosures with a partition. The presence of partition was effective parameter on the heat transfer. When the previous studies are reviewed, one can see there is no study performed on natural convection in a vertical enclosure with baffle. Recently Prathap Kumar [29, 30] analyzed free convection of Walter's fluid in a vertical double passage wavy channel. In this paper, the two-dimensional laminar natural convection heat transfer and fluid flow inside a partitioned vertical enclosure filled with electrically conducting fluid has been studied.
Mathematical Formulation
The physical configuration ( Fig. 1) consists of an open-ended vertical channel with one wavy wall and another flat wall. The channel is divided into two passages by means of a perfectly conducting thin baffle, for which the transverse thermal resistance can be neglected (Cheng et al. [31] and Salah El Din [32, 33] ). The X axis is taken upwards and parallel to the flat wall, while the Y-axis is taken perpendicular to it in such a way that the wavy wall is represented by B is applied normal to gravity and electric filed 0 E is applied parallel to gravity. It is assumed that the magnetic Reynolds number is sufficiently small so that the induced magnetic field can be neglected and the induced electric field is assumed to be negligible. The flow is assumed to be steady, laminar and fully developed. The Oberbeck-Boussinesq approximation is employed for the density variation. The viscous and Ohmic dissipations are neglected in the energy equation. The wavelength of the wavy wall is large compared with the breadth of the channel. Further, it is also assumed that the transverse velocity and temperature gradient in the axial direction are zero. The wavy and flat walls are maintained at a constant temperature w T and f T , respectively.
Fig. 1
Physical configuration of the double-passage channel Under these assumptions, the governing equations of motion and energy are (Romig [34] ). 
The boundary conditions relevant to the problem are taken as,
where U and V are the velocity component and T is the fluid temperature. The subscripts 1 and 2 denote the values for stream-1 and stream-2, respectively. It is assumed that the fluid and thermometric boundary conditions are unchanged under the addition of electromagnetic field. The boundary conditions on velocity are no-slip conditions, requiring that the velocity must be the same as that at the wall. The boundary conditions on temperature are isothermal conditions, with two boundaries at constant different temperatures. In addition the continuity of temperature and heat flux at the baffle position is assumed. Equations (2.1)-(2.4) along with boundary conditions (2.5) are made dimensionless by using the following transformations 
In deriving the (3.2), the constant pressure gradient term
has been taken equal to zero following Ostrach [35] . In view of (3.1) the boundary condition (2.11) can be split up into the following two parts. Zeroth order boundary conditions 10 In order to solve (3.3) to (3.6) for the first order quantity, it is convenient to introduce stream function  in the following
The stream function approach reduces the number of dependent variables to be solved and also eliminates pressure from the list of variables. Differentiate (3.4) with respect to y and differentiate (3.5) with respect to x and then subtract (3.4) with (3.5) which will result in the elimination of pressure 1 i p . We assume stream function and temperature in the following form ( , ) ( 
We restrict our attention to the real parts of the solutions for the perturbed quantities  , t , 1 In to Eqs. (3.14) to (3.16 ) we obtain to the order of  , the following set of ordinary differential equations zeroth order
Zeroth order boundary and interface conditions in terms of stream function and temperature 
where suffix rp denotes the real part and i p denotes the imaginary part. Considering only the real part, the expression for first order velocity and temperature become
The shearing stress xy  at any point in the fluid in non-dimensional form is given by 
and at the flat wall, 1 y  skin friction takes the form 
and at the flat wall 1 y  , 
Case 2a: Comparison of the Solutions with Salah El Din [33] in the presence of baffle
To validate the results of the present model, the problem is solved in the absence of product of non-dimensional wave number and space co-ordinate, pressure gradient and heat source. The dimensionless basic Eqs. (2.7) to (2.10) in the absence of the above parameters become
To compare the results, the boundary conditions on temperature are taken as in Salah El Din [33] , i.e. 
The above solutions agree very well with the solutions of Salah El Din [33] .
Case 2b: Comparison of the Solutions with Rita and Alok [36] in the absence of baffle
The above case validates the results for viscous fluid. To further validate the results, the problem is solved in the absence of the baffle, applied electric and magnetic field and compared the results with Rita and Alok [36] . The comparison of the present model is carried out in two ways, 1. Shifting the baffle to the right wall and comparing the solutions of stream-1 with Rita and Alok [36] . The boundary conditions for this case become The solution of stream-1 with above boundary conditions become 10 
Equations (3.41) to (3.43 ) are computed and are tabulated in Table 5b . The above solutions agree very well with Rita and Alok [36] .
2. Shifting the baffle to the left wall and comparing the solutions of stream-2 with Rita and Alok [36] . The boundary conditions for this case become 
Equations (3.45) to (3.47 ) are computed and are tabulated in Table 5b . These solutions agree very well with Rita and Alok [36] .
Results and discussion
In this section, the free convective flow and heat transfer results for electrically conducting fluid in a vertical wavy channel is studied by inserting a thin perfectively conducting baffle. The case 0 E  corresponds to short circuit and 0 E  corresponds to the open circuit case. The coupled nonlinear partial differential equations are solved analytically by using regular perturbation method valid for only for small values of amplitude and frequency (wave number) parameter. The analytical solutions for the main velocity, cross velocity and temperature profiles in the channel are computed for different values of Grashof number, wall temperature ratio, Hartman number, electric field load parameter and product of wave number and space coordinate in the placed near the left wall, the maximum point of velocity is in stream-2 and when the baffle is placed near the right wall, the maximum point of velocity is in stream-1 as seen in Fig. 2a ,b,c. Physically an increase in the value of Grashof number implies an increase of buoyancy force which supports the motion. Since the Grashof number acts as a driving mechanism of the buoyancy force in the momentum equation, and therefore the velocity and/or velocity gradient increases in both the streams. As G increases cross velocity decreases in stream-1 and increases in stream-2. Also the minimum point of cross velocity is in stream-1 only at any position of the baffle. The effect of Grashof number G on temperature is shown in Table   1 . It is noticed that the temperature remains almost same. This is due to the fact that Grashof number does not appear directly in the energy equation and hence it will not affect the temperature filed. (above). The effect of m on cross velocity is opposite to its effect on main velocity. That is as m increases cross velocity decreases at all the baffle positions as seen in Fig. 5a ,b,c. The velocity profiles for 0 m  lies in between 1 m  (below) and -1(above). The effect of m on cross velocity is not effective for the baffle position at the centre and at the right wall in stream-2 when compared to the baffle position is at the left of the channel. The effect of wall temperature ration m on the temperature field is shown in Fig. 6a,b ,c. As m increases temperature increases at all the baffle positions and magnitude of promotion also remain the same for 0.2, 0.5 y   and 0.8. The main velocity and temperature increases with the increase in m due to the increase in convection. The effect of magnetic field on the main velocity is shown in Fig.7a ,b,c at three different positions of the baffle. The effect of increasing magnetic field is to decrease the main velocity in both the streams at all the baffle positions for open circuit affecting the overall retarding effect of the Lorentz force. The Hartmann number represents the ratio of the Lorentz force to the viscous force, implying that the larger the Hartmann number, the stronger the retarding effect on velocity field. The effect of Hartman number M on cross velocity is opposite to that on main velocity as seen in Fig.8a,b ,c at all the baffle positions. However its effect is dominant in stream-1 when compared to stream-2. The effect of M on temperature is not significant in the present study, as seen from Table 2 . 
0.9 0.90001 0.90001 0.1 0.9 0.9 0.9 0.1 0.9 0.9 0.9 0.2 0.80001 0.80001 0.80001 0. The effect of applied electric field E on the main velocity is shown in Fig .9a,b ,c at different baffle positions. The effect of a negative E is to add the flow while the effect of positive E is to oppose the flow as compared to the case for 0 E  . It is observed that flow reversal occurs at the baffle position when 1 E  . The direction of flow when 1 E  is opposite to that when 1 E  which can be applied to problems for flow reversal problems. The effect of electric field load parameter on the cross velocity is shown in Fig.10a ,b,c at three baffle positions. The effect of E on the cross velocity is opposite to its effect on main velocity. It is also seen from this figure that the electric field load parameter do not effect the cross velocity in stream-2 at any position of the baffle. The effect of electric filed load parameter on the temperature filed is shown in Table  3 . Table 3 . Temperature values for different values of E with 5 G  , The effect of the product of wave number and space coordinate, x  on main velocity is shown in Fig.11a ,b,c. As x  increases main velocity, u increases near the wavy wall and reverses its direction as it moves towards the baffle position and remains constant near the flat wall at all the baffle positions. It is also seen from these figures that the effect of x  in the channel is depending on the position of the baffle also. That is to say that x  is operative in the channel width with the placement of the baffle. The effect of the product of wave number and space coordinate, x  on the cross velocity is shown in Fig.12a,b ,c. As x  increases cross velocity decreases in stream-1 at all the baffle position whereas it increases in stream-2 for the baffle positions at the left wall and do not change when the baffle is at the centre and at the right wall. The effect of the product of wave number and space coordinate, x  is to decrease the temperature at the wavy wall and do not vary at the flat wall at all positions of the baffle as seen in Fig. 13a,b ,c. The magnitude of suppression remains the same at any position of the baffle. It is seen from Figs. 11, 12 and 13 that effect of x  is more operative in stream-1 and this is due to the fact that the left wall is considered to be wavy and right wall is considered to be flat wall. The effects of the Grashof number and wall temperature ratio are seen to increase the skin friction at the wavy wall and decrease at the flat wall at all baffle positions. The wave number and the amplitude parameter are predicted to decrease the skin friction at the wavy wall while it increases at the flat wall. However their effect is not very significant. The skin friction decreases at the wavy wall and increases at the flat wall with increase of Hartman number as seen in Table 4a . The effect of electric field load parameter is to decrease the skin friction at the wavy wall and increase at the flat wall at all the baffle position. Table 4b tells that the velocity gradient in passage-1 increases in magnitude as the Grashof number G , wall temperature ratio m , Hartmann number M increases whereas it decreases with electric field load parameter E and is invariant with wave number  and amplitude parameter  in passage -2, the velocity gradient increases with Grashof number G , wall temperature ratio m , Hartmann number M and amplitude  , decreases with electric field load parameter E and remains invariant with  . One can also infer from Table 4b that velocity gradient increases in passage-1 and decreases in passage -2 as the baffle position moves from left wall to right wall. The volumetric flow rate on main velocity increases as G , m , M increases in both the passages at all baffle positions whereas it decreases in stream-1 and increases in stream-2 at all baffle position as  and  increases (Table 4c ). The variation in magnitude for cross velocity is very less when compared to main velocity on the volumetric flow rate as can be seen in Table 4d . Even though the values range from 10 -9 to 10 -3 one can still observe the variations of volumetric flow rate on the governing parameters. The volumetric flow rate in stream-1 increases in magnitude for increase in G , m ,  ,  , M and decreases with E whereas in stream -2 it increases with G ,  ,  and decreases with M , m and E . -0.999972 -0.99999 -1 1 -1.00002 -1.00001 -0.999999 The Grashof number is found to increase the rate of heat transfer at the wavy wall and decrease at the flat wall at all baffle positions. However its effect is insignificant. The effect of the wall temperature ratio is seen to increase the heat transfer at both walls at all baffle positions. The effect of the wave number and amplitude parameter is found to increase the rate of heat transfer at the wavy wall and decrease at the flat wall. Here also their effect is not very large. The effect of Hartmann number and electric field load parameter on the rate of heat transfer at the wavy wall remains almost constant at both the walls at all the baffle position as seen Table 5 .
The results obtained in 3.2 and the results obtained by Salah El Din [33] are displayed in Table 6a . This table shows that both the models show same values at all baffle positions which will justify the present model.
The solutions obtained in section 3.3 and the solutions obtained by Rita and Alok [36] in the absence of viscoelastic parameter K are shown in Table 6b . When the baffle is shifted to the right wall (stream-1), the problem reduced to single passage whose solutions agree with Rita and Alok [36] which justifies the solutions of stream-1. To justify the solutions obtained in stream-2, the baffle is shifted to the right wall, which again reduces to single passage. The solutions obtained in stream-2 agree very well with Rita and Alok [36] . wavy Channel Divided by a Perfectly Conductive Baffle 
Conclusions
The characteristics of flow and heat transfer of electrically conducting fluid in a vertical channel one of whose walls is wavy in a double-passage channel with a perfectly conducting baffle are investigated. According to the results the following conclusions can be drawn. The maxima of main velocity profiles are obtained for increasing values of Grashof number and wall temperature ratio especially in the wider passage. The presence of Hartman number and electric filed load parameter reduces the flow in both the streams at all baffle positions. As x  increases, the main velocity decrease at the wavy wall and remains constant at the flat wall. The effects of Grashof number, wall temperature ratio, Hartman number, electric filed load parameter and x  on cross velocity are exactly opposite to their effect on main velocity. The temperature is unaffected with Grashof number, Hartman number, electric filed load parameter at all baffle positions.
The effect of wall temperature ratio promotes the temperature whereas x  reduces the temperature at the wavy wall and remains constant at the flat wall. Again these effects are more pronounced in a wider passage than in the narrower passage.
The effects of the Grashof number and wall temperature ratio are seen to increase the skin friction at the wavy wall and decrease at the flat wall at all baffle positions. The wave number and the amplitude parameter are predicted to decrease the skin friction at the wavy wall while it increases at the flat wall. However their effect is not very significant. The skin friction decreases at the wavy wall and increases at the flat wall with increase of Hartman number. The effect of electric field load parameter is to decrease the skin friction at the wavy wall and increase at the flat wall at all the baffle position.
The Grashof number is found to increase the rate of heat transfer at the wavy wall and decrease at the flat wall at all baffle positions. However its effect is insignificant. The effect of the wall temperature ratio is seen to increase the heat transfer at both walls at all baffle positions. The effect of the wave number and amplitude parameter is found to increase the rate of heat transfer at the wavy wall and decrease at the flat wall. Here also their effect is not very large. The effect of Hartman number and electric field load parameter on the rate of heat transfer at the wavy wall remains almost constant at both the walls at all the baffle position.
The results of the present model for both the walls to be flat agreed very well with the results obtained by Salah El Din [33] . To further justify, the results of the present model were in good agreement with the results of Rita and Alok [36] for single passage with wavy wall.
The volumetric flow rate increases with increase in Grashof number, wall temperature ratio, Hartmann number in both the passages at all the baffle positions whereas it decreases with wave number, amplitude parameter and electric field load parameter in stream -1 when the baffle positions are near the left and right walls on the main velocity.
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